RAD51, a key factor in homology-directed repair (HDR), has long been considered an attractive target for cancer therapy, but few specific inhibitors have been found. A cell-penetrating, anti-DNA, lupus autoantibody, 3E10, was previously shown to inhibit HDR, sensitize tumors to radiation, and mediate synthetic lethal killing of BRCA2-deficient cancer cells, effects that were initially attributed to its affinity for DNA. However, as the molecular basis for its ability to inhibit DNA repair, we report that 3E10 directly binds to the N-terminus of RAD51, sequesters RAD51 in the cytoplasm, and impedes RAD51 binding to DNA. Further, we generate separation-of-function mutations in the complementarity-determining regions of 3E10 revealing that inhibition of HDR tracks with binding to RAD51 but not to DNA, whereas cell penetration is linked to DNA binding. The consequences of these mutations on putative 3E10 interactions with RAD51 and DNA are correlated with in silico molecular modeling. Taken together, the results identify 3E10 as a novel inhibitor of RAD51 by direct binding, accounting for its ability to suppress HDR and providing the molecular basis to guide pre-clinical development of 3E10 as an anti-cancer agent.
INTRODUCTION
Antibody therapy for cancer provides a powerful tool to specifically target factors that support the malignant phenotype. Currently, more than a dozen antibodies have been approved by the FDA for cancer therapy (1) . Many of these antibodies target mutant or overexpressed cell surface receptors such as EGFR or HER2. Additional antibody targeting strategies include binding to surface markers specific to malignant cells or extracellular ligands that promote tumor growth and/or neovascularization of hypoxic tumors (e.g. VEGF) (1) (2) (3) .
The discovery that inhibitors of poly(ADP) ribose polymerase (PARP) selectively kill cells deficient in homologydirected repair (HDR) has led to a new focus on therapeutic exploitation of DNA repair pathways (4) (5) (6) . Numerous human malignancies with mutations in HDR genes, such as BRCA1 and BRCA2, have been successfully treated in clinical trials with PARP inhibitors leading to the FDA approval of Olaparib for the treatment of ovarian cancer. DNA repair functions are confined mainly within the nucleus of a cell, and so pharmacological strategies have so far focused on small molecules rather than antibodies since cellular uptake of antibodies poses a formidable obstacle (7) .
DNA double-strand breaks (DSBs) are the most deleterious form of DNA damage and are generated by radiation therapy and numerous chemotherapy agents. In mammalian cells, DSBs are repaired by two main pathways: nonhomologous end-joining (NHEJ) and homology-directed repair (HDR). During HDR, DSBs are processed by an assembly of nucleases to create 3 single-stranded DNA (ss-DNA) tails (8) (9) (10) . The resected 3 ssDNA tails are initially stabilized and bound by replication protein-A (RPA). RPA complexes on the ssDNA are subsequently replaced by RAD51 aided by the actions of mediator proteins such as BRCA2 (11) (12) (13) . The RAD51 protein forms a helical nucleoprotein filament on the ssDNA facilitating strand invasion and the homology search usually within the sister chromatid (8, 14) . RAD51 is highly conserved among eukaryotes and is essential for HDR and cell viability (15) . Many human cancers express elevated levels of RAD51 (16) leading to chemotherapy and radiation resistance (16) (17) (18) (19) (20) (21) . Consequently, RAD51 has been considered an attractive target for cancer therapy (15) . The Connell group recently identified a promising small molecule inhibitor of RAD51, but increases in potency will be needed for clinical development (15) .
Interestingly, a small number of systemic lupus erythematosus autoantibodies have been found to penetrate living cells (22) . One such antibody is 3E10, a cell penetrating, anti-DNA antibody that is non-toxic to normal cells and has been investigated as a delivery vehicle for various conjugates, primarily using single chain variable fragments (scFvs) derived from it (23) . Cellular penetration by 3E10 has been linked to its ability to bind DNA, as DNA binding mutants of 3E10 are unable to penetrate cells (24) . While the exact molecular basis for 3E10 internalization has yet to be determined, it has been shown to depend on the equilibrative nucleotide transporter 2 (ENT2) (25) .
Recently, our group discovered that 3E10 treatment of human cells inhibits DNA DSB repair by HDR, confers sensitivity to ionizing radiation, and mediates synthetic lethality in BRCA2-deficient cancer cells (26) . Biochemically, we determined that 3E10 reduces the efficiency of RAD51-mediated strand exchange, but we attributed this result to competition for binding sites between 3E10 and RAD51 for the ssDNA substrate (26) .
Here, we report the unexpected finding that 3E10 physically interacts with RAD51, defining a new molecular basis for HDR inhibition by 3E10. Utilizing purified 3E10 scFv protein and purified fragments of RAD51, we demonstrate that 3E10 binds to the N-terminal domain of RAD51, a region essential for homo-oligomerization and crucial for RAD51 filament formation. We find that 3E10 inhibits RAD51 accumulation on ssDNA and RAD51-dependent DNA strand exchange. Further in keeping with this mechanism of action, 3E10 inhibits RAD51 foci formation in response to ionizing radiation or etoposide, a measurement of a cell's ability to form RAD51 nucleoprotein filaments at sites of DNA damage. Mutational analysis of the 3E10 variable region reveals separation-of-function linking RAD51 binding to inhibition of HDR and DNA binding to cell penetration. Because we have shown in pre-clinical mouse studies that 3E10 can radiosensitize tumors and suppress the growth of BRCA2-deficient tumors (26) , 3E10 has attracted interest for clinical development. By identifying RAD51 as the functional target of 3E10, our results serve to better define a clinical development path for 3E10 and provide the basis for further molecular optimization by affinity maturation.
MATERIALS AND METHODS

Cloning of 3E10 scFv and site directed mutagenesis
The single chain variable fragment of 3E10 was cloned into a phCMV1 2XMBP expression vector to aid in purification. Point mutations were introduced into the heavy or light chain regions of the scFv using the QuikChange SiteDirected Mutagenesis Kit (Stratagene). The plasmid was sequenced to ensure no undesired mutations were introduced during PCR.
Purification of 2XMBP-scFvs
The 2XMBP expression constructs were transfected into suspension Expi293F Cells (Life Technologies) with polyethylenimine (PEI linear, MW ∼25 000 from Polysciences, Inc.). Briefly, the plasmid DNA was diluted in OptiPro SFM (Gibco), mixed with PEI, and added to Expi293F cells in shake flasks. Sixteen to eighteen hours later, BalanCD CHO FEED 3 (Irvine Scientific) and Valproic acid sodium salt (Sigma-Aldrich, 3.8 mM final concentration) were added to enhance expression. The cells were grown at 37
• C and 8% CO 2 for three additional days. The cells were harvested by centrifugation. All successive steps in the purification were performed at 4
• C. The cell pellet was resuspended in lysis buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 1% NP-40, 1 mM MgCl 2 , 1× Protease Inhibitor Cocktail (Roche complete, EDTA-free), 1 mM DTT) and rocked at 4
• C for 15 min. The lysate was cleared by centrifugation at 7000 rpm for 15 min. The cleared lysate was incubated with amylose resin (New England BioLabs, Inc.) for 2 h. The lysate containing the amylose bead matrix was spun down and the supernatant was removed. The amylose beads were washed three times with wash buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 0.5 mM EDTA, 1 mM DTT). The bound protein was eluted from the amylose beads in wash buffer containing 10 mM maltose. The eluate containing the 2xMBP-scFv was buffer exchanged into PBS and concentrated.
Electrophoretic mobility shift assay
The DNA binding ability of each of the 2XMBP-scFvs was determined by an electrophoretic mobility shift assay. Increasing amounts of the purified 2XMBP-scFv proteins (1, 2 or 5 M) were added to 10 nM radiolabeled 167mer ss-DNA (32P-radiolabeled) in Buffer S (25mM TrisOAc (pH 7.5), 1 mM MgCl 2 , 2 mM CaCl 2 , 0.1 g/l BSA, 2 mM ATP and 1 mM DTT). The reactions were incubated for 30 min at 4
• C. The products were separated using 6% polyacrylamide gel electrophoresis and analyzed using a phosphorimager. Experiments were performed at least three times for each 2XMBP-scFv protein.
Immunofluorescence--cell penetration of purified 2xMBP-scFv U2OS cells were pretreated with purified 2XMBP-scFv proteins for 24 hours in chamber well slides (Millipore Millicell EZ Slides). Cells were fixed with 1% paraformaldehyde/2% sucrose for 15 minutes at room temperature, followed by 100% methanol for 30 min at -20
• C, and 50% methanol/50% acetone for 20 min at -20 • C. Slides were then incubated in permeabilization/blocking solution (10% BGS, 0.5% Triton X-100 in phosphatebuffered saline (PBS)) at room temperature for 1 h. Primary antibody (mouse anti-MBP monoclonal antibody, New England BioLabs, Inc. #E8032S) was diluted 1:500 in permeabilization/blocking solution and used to stain cells at 4
• C overnight. The secondary antibody used was Alexa Fluor 594-conjugated goat anti-mouse immunoglobulin G (IgG) (Life Technologies). Cells were costained with DAPI to visualize the nuclei. Slides were imaged on a Zeiss-CARV II confocal microscope.
Immunofluorescence-transfected 2xMBP-scFv expression constructs
Primary skin human fibroblasts were seeded in chamber well slides (Millipore Millicell EZ Slides) and were left untransfected, transfected with the truncated 2XMBP-scFv expression construct, or transfected with one of the four 2XMBP-scFv expression constructs. Cells were fixed and stained as described above each day for up to 3 days posttransfection.
HDR host cell reactivation assays
Luciferase reporter DNA plasmids for HDR were digested with I-SceI (New England Biolabs, Inc. #R0694) according to I-SceI manufacturer instructions. Digestion was confirmed on a 0.7% agarose gel and then purified using the QIAquick PCR Purification Kit (QIAGEN # 28104). Primary human skin fibroblasts were seeded at 1 × 10 5 cells per well in a 12-well dish the day before transfection. For experimental conditions, 4 g of the digested plasmid and 50 ng of a Ranilla plasmid were transfected with Lipofectamine 3000 Reagent (Thermo Fisher Scientific) according to manufacturer instructions. For control conditions, 2 g of a control plasmid and 50 ng of a Renilla plasmid were transfected with Lipofectamine 3000 Reagent (Thermo Fisher Scientific) according to manufacturer instructions. Cells were collected and lysed in 1× Passive Lysis Buffer (Promega) 48 hours after transfection. Lysates were run in triplicate in a 96-well plate and analyzed using the Dual-Luciferase ® Reporter Assay System (Promega) and a Synergy HT plate reader (BIO-TEK). The percent reactivation was calculated. Experiments were performed at least three times for biological replicates. Each experiment contained technical triplicates per condition. Statistical significance was determined using the unpaired t-test (GraphPad Prism).
NHEJ host cell reactivation assays
U2OS EJ5 reporter cell lines were seeded in triplicate for each condition and were left untreated, pre-treated media control, or pre-treated with 10M purified full length 3E10. The next day, the I-SceI expression plasmid (4 g) was transfected into 1 × 10 6 cells per replicate using the Amaxa Nucleofector (Lonza) 72 hours before analysis. Cells were analyzed for GFP expression by flow cytometry, and data were analyzed using the FlowJo software (Tree Star Inc.). Luciferase reporter DNA plasmids for NHEJ were digested with HindIII (New England Biolabs, Inc. #R3104) according to HindIII manufacturer instructions. Digestion was confirmed on a 0.7% agarose gel and then purified using the QIAquick PCR Purification Kit (QIAGEN # 28104). Primary human skin fibroblasts were seeded at 1 × 10 5 cells per well in a 12-well dish the day before transfection. Transfection steps were carried out as above. Cells were collected and lysed in 1× Passive Lysis Buffer (Promega) 24 h after transfection and analysis was continued as above. Each experiment contained technical triplicates per condition. Statistical significance was determined using the unpaired t-test (GraphPad Prism).
Affinity pull-downs from 293T cells transfected with D31N 2XMBP-scFv and 2XMBP-BRC1-8 region of BRCA2
Human 293T cells (5 × 10 5 cells/well) were transiently transfected in 6-well plates with 1 g of the indicated construct using TurboFect transfection reagent (ThermoFisher Scientific). Cellular lysates were harvested 36 h posttransfection using buffer 'B' (50 mM HEPES (pH 7.5), 250 mM NaCl, 1% NP-40, 1 mM MgCl 2 , 1 mM DTT, 250 units/ml Benzonase (EMD Millipore) and 1× cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)). Cell lysates were batch bound to amylose resin for one hour, washed 3× in wash buffer (50 mM HEPES (pH 7.5), 250 mM NaCl, 0.5 mM EDTA), and then incubated with 1 g of purified human RAD51 for 30 min at 37
• C. The bead complexes were then washed again 3× with wash buffer including 1% NP-40 and finally eluted with 10 mM maltose. Elutions were run on 4-15% gradient SDS-PAGE gels (Bio-Rad StainFree TGX). The proteins were visualized by SyproOrange (Invitrogen) staining and scanning on a Storm 860 PhosphorImager (Molecular Dynamics).
Affinity western from hela cells transfected with full length 3E10 expression constructs
HeLa cells were left untransfected or transfected with expression full length 3E10 expression constructs. Three days later, cells were lysed in AZ lysis buffer (50 mM Tris pH 8, 250 mM NaCl, 1% NP-40, 0.1% SDS, 5 mM EDTA, 10 mM Na 4 P 2 O 7 , 10 mM NaF, 1× cOmplete EDTA-free Protease Inhibitor Cocktail (Roche), 1× PhosSTOP (Roche)), either in the presence or absence of benzonase, and the protein concentration of each sample was determined using the DC™ (detergent compatible) protein assay (Bio-Rad Laboratories, Inc.). Protein A/G bead slurry (New England Biolabs, Inc.) was prewashed in wash buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 0.5 mM EDTA) and then 500 g of each lysate was incubated with the protein A/G beads overnight at 4
• C. The next day, the supernatant was removed, the beads were washed three times in wash buffer, and the immobilized proteins were eluted in 5× Laemmli sample buffer at 90
• C for 5 min. Samples were run on a 7.5% gel and transferred for western blot.
The primary antibodies used were rabbit anti-RAD51 (H-92 Santa Cruz Biotechnology #sc-8349), rabbit anti-RAD52 (Cell Signaling Technology #3425), rabbit anti-BRCA1 (C-20 Santa Cruz Biotechnology #sc-642), mouse anti-KU80 (BD Biosciences #611360), rabbit anti-␥ H2Ax Ser 139 (20E3 Cell Signaling Technology #9718), rabbit anti-MRE11 (H-300 Santa Cruz Biotechnology #sc-22767), mouse anti-CHK1 (2G1D5 Cell Signaling Technology #2360), rabbit anti-RAD50 (Cell Signaling Technology #3427), rabbit anti-BRCA2 (Cell Signaling Technology #9012), rabbit anti-PTEN (D4.3 Cell Signaling Technology #9188), rabbit anti-AKT1 (C73H10 Cell Signaling Technology #2938), rabbit anti-NBS1/p95 (D6J5I Cell Signaling Technology #14956), rabbit anti-ATRIP (Cell Signaling Technology #2737), rabbit anti-53BP1 (Cell Signaling Technology #4937), rabbit anti-XRCC3 (Thermo Scientific PA1-16535), rabbit anti-RPA70/RPA1 (Cell Signaling Technology #2267), mouse anti-Phospho RPA (S4/S8) (Bethyl Laboratories, Inc. #A300-245A) and rabbit anti-PALB2 (Sigma Aldrich # SAB3500079).
Primary antibodies were used at 1:500 dilutions and were incubated for 2-3 h at room temperature or overnight at 4
• C. Secondary goat-anti-rabbit or goat anti-mouse antibodies (Thermo Fisher Scientific/Pierce) or were used at a 1:10 000 dilution for 1 h at room temperature. Primary and secondary antibodies were prepared in 5% milk. Three Nucleic Acids Research, 2017, Vol. 45, No. 20 11785 washes with Tris Buffered Saline with Tween 20 were each performed after primary incubation and after secondary incubation. Membranes were developed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).
Affinity western from 293T cells transfected with 2XMBP-scFv expression constructs
293T cells (5 × 10 5 cells/well) were transiently transfected in 6-well plates with 1 g of the indicated construct using TurboFect transfection reagent (ThermoFisher Scientific). Cellular lysates were harvested 36 h post-transfection using buffer 'B' (50 mM HEPES (pH 7.5), 250 mM NaCl, 1% NP-40, 1 mM MgCl 2 , 1 mM DTT, 250 units/ml Benzonase (EMD Millipore) and 1× cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)). Cell lysates were batch bound to amylose resin overnight, washed 3× in wash buffer (50 mM HEPES (pH 7.5), 250 mM NaCl, 0.5 mM EDTA), and then eluted in 6× Laemmli sample buffer at 90
• C for 5 min. Elutions were run on 4-15% gradient SDS-PAGE gels and then transferred for western blot. Western blots were continued as described above. The primary antibodies used were rabbit anti-RAD51 (H-92 Santa Cruz Biotechnology #sc-8349) and rabbit anti-MBP probe (C-18 Santa Cruz Biotechnology #sc-808). The experiment was repeated four times and the relative levels of RAD51 bound to the expressed 2XMBP-scFv was plotted (combined levels from four experiments; normalized to MBP levels and then normalized to WT 2XMBP-scFv). Statistical significance was determined using the unpaired t-test (GraphPad Prism).
Affinity binding assay and K d calculations
Purified WT and D31N scFv proteins at a fixed concentration (400 ng; 3.64 pmol; 72.7 nM final concentration) were incubated with increasing amounts of purified RAD51(100, 200, 800 and 1600 ng; 2.7, 5.41, 21.62 and 43.24 pmol; and 54, 108, 432 and 864 nM, respectively) in a total volume of 50 l for 30 min at 37
• C. Amylose resin and binding buffer [50 mM HEPES (pH 7.5), 250 mM NaCl, 0.5 mM EDTA and 1 mM DTT] were added and the reaction was gently rocked for 1 h at 4
• C. The bound complex was then washed with binding buffer and 0.1% Igepal CA-630. The proteins were eluted from the amylose beads with 6× Laemmli sample buffer and the samples were heated at 54
• C for 4 min. Samples were run on a 4-15% gradient SDS-PAGE gel. The proteins were visualized by staining with SyproOrange (Invitrogen). The protein bands were imaged on a Storm 860 PhosphorImager (Molecular Dynamics) and quantified using ImageJ. The amount of RAD51 pulled down with 2XMBP-scFv proteins was determined using standard curves generated from known concentrations of RAD51 and 2XMBP-scFv proteins run in parallel. The K d values were calculated in GraphPad Prism using a hyperbolic standard curve interpolation. Experiments were performed at least three times for biological replicates.
Purification of human RAD51 fragments
pGEX-6P-1 GST expression constructs (GE Healthcare) containing the human RAD51 fragments were a gift of Patrick Sung. Briefly, the RAD51 constructs were expressed in the Rosetta (Novagen) derivative strain of BL21 Escherichia coli cells. The cells were grown at 37
• C until the OD reached 0.6 and then induced with IPTG at 25
• C for 4 h. The cells were harvested by centrifugation at 5000 rpm for 10 min at 4
• C. All successive steps in the purification were performed at 4
• C. The cell pellet was resuspended in breaking buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% sucrose, 250 mM KCl, 1 mM ␤-mercaptoethanol, 2 mM DTT, 0.01% Igepal, 0.1 mg/ml lysozyme, 5 mM benzamide, 1 mM PMSF and a combination of protease inhibitors at 5 g/ml: aprotinin, chymostatin, leupeptin and pepstatin A) followed by sonication. The lysate then underwent ultracentrifugation at 40 000 rpm for 1 h. The cleared lysate was incubated with Glutathione Sepharose (GE Healthcare) for 90 min. The lysate containing the Glutathione matrix was poured into a glass column (BioRad). After three washes with wash buffer (20mM KH 2 PO 4 pH 7.5, 10% glycerol, 1 mM EDTA, 1 mM DTT, 150 mM KCl), the bound protein was eluted from the glutathione beads in wash buffer containing reduced glutathione. The eluate containing the RAD51 fragments was loaded onto a primed gel filtration column. The samples were eluted off the column in 1 M tris buffer containing 20 mM glutathione. The peak fractions containing RAD51 were pooled, concentrated, and frozen in small aliquots at -80
• C.
Protein pull-downs
2 M purified 2XMBP-3E10 scFvs were immobilized on amylose bead slurry (New England Biolabs) prewashed in washed in wash buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 0.5 mM EDTA) for 30 min at 4
• C in Buffer S (25 mM TrisOAc pH 7.5, 1 mM MgCl 2 , 2 mM CaCl 2 , 0.1 g/l BSA, 2mM ATP and 1mM DTT). 2.5 M purified full length RAD51 or GST-tagged RAD51 fragment was added and the reaction continued for another 30 min at 4
• C. The supernatant was removed, and the beads were washed three times with wash buffer. The immobilized proteins were eluted in 6× Laemmli sample buffer at 90
• C for 5 min. Samples of the supernatant, wash, and eluate were separated on a 7.5% gel and transferred for western blot. Western blots were continued as described above. The primary antibodies used were rabbit anti-RAD51 (H-92 Santa Cruz Biotechnology #sc-8349), rabbit anti-GST (91G1 HRP conjugate Cell Signaling Technology #5475), and rabbit anti-MBP probe (C-18 Santa Cruz Biotechnology #sc-808). A protein pull-down was also performed using 2 M purified D31N 2XMBP-3E10 scFv and 2.5 M purified RAD52. This assay was performed as above. Samples of the supernatant, wash, and eluate were separated on a 7.5% gel and the gel was stained with coomassie and imaged using a BioRad ChemiDoc XRS+ imager.
RAD51 DNA binding assays
240 nM of RAD51 and either 1 or 7.5 M of the purified 2XMBP-scFv proteins were incubated for 5 min at 37
• C in Buffer S. Final volumes were normalized with Buffer S as needed. Then, 1 nM of biotinylated 167-mer ssDNA was added to the reaction and the samples were incubated for an additional 5 min at 37
• C. The DNA-protein complexes were then captured by adding 2.5 l of pre-washed MagnaLink Streptavidin magnetic beads (SoluLink) in buffer SW (Buffer S supplemented with 0.1% Igepal CA-630 and 0.5% Triton X-100). The bead-DNA-protein complexes were incubated with agitation at 25
• C for 5 min. The supernatant was removed and the beads were washed three times with buffer SW' (Buffer SW lacking 2 mM ATP). The bead samples were resuspended in 20 l 6× Laemmli sample buffer, heated at 54
• C for 4 min, and loaded onto a 7.5% gradient SDS-PAGE gel. The RAD51 proteins bound and eluted from the biotinylated DNA substrate were detected by western blot as above. The percent of RAD51 bound to DNA was calculated using ImageJ. Experiments were performed at least three times for biological replicates. Statistical significance was determined using the unpaired t-test (GraphPad Prism).
Strand exchange assays
An optimal concentration of RAD51 for maximum percent strand exchange was first determined using a titration of RAD51 (from 0.1 to 0.45 M, with 0.22 M RAD51 being the optimal concentration). The strand exchange reactions were then performed with either 1 or 7.5 M of the purified 2XMBP-scFv proteins. Experiments were performed at least three times for biological replicates. Statistical significance was determined using the unpaired t-test (GraphPad Prism). 0.22 M of RAD51 and either 1 or 7.5 M of the purified 2XMBP-scFv proteins were incubated for 5 min at 37
• C in strand exchange buffer (1 M Tris-OAc pH 7.5, 100 mM MgCl 2 , 100 mM CaCl 2 , 1 ug/ul BSA, 180 mM ATP, 100 mM DTT). Final volumes were normalized with Buffer S as needed. Then, 100 nM 3'Tail DNA was added to the reaction and the samples were incubated for an additional 5 min at 37
• C. Radiolabeled duplex DNA (100 nM 32P-radiolabeled) was added to the reactions followed by a 30 min incubation at 37
• C before being deproteinized with the addition of SDS (0.5%) and Proteinase K (0.5 g/ml) for 10 min at 37
• C. The reaction products were separated using 6% native polyacrylamide gel electrophoresis, and analyzed using a phosphorimager. The percent strand exchange was determined for each condition using ImageJ.
Immunofluorescence--RAD51 foci formation and cytoplasmic fraction after IR
Human primary skin fibroblast cells were pretreated with purified 2XMBP-scFv for 24 h in chamber well slides (Millipore Millicell EZ Slides), or transfected with 2XMBP-scFv expression constructs. Cells were then irradiated with 10Gy IR on an X-RAD 320 X-ray irradiation system. Cells were fixed and stained as described above. The primary antibody used was rabbit anti-RAD51 (H-92 Santa Cruz Biotechnology #sc-8349). The secondary antibody used was Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin G (IgG) (Life Technologies). Cells were costained with DAPI to visualize the nuclei and anti-MBP to visualize the 2XMBP-scFv. Slides were imaged on a Zeiss-CARV II confocal microscope. Images were visualized and quantified using ImageJ. Experiments were performed at least three times for biological replicates. Statistical significance was determined using the unpaired t-test (GraphPad Prism). Human primary skin fibroblast cells were also pretreated with purified full length 3E10 for 24 h in chamber well slides (Millipore Millicell EZ Slides). Cells were then irradiated with 10 Gy IR on an X-RAD 320 X-ray irradiation system. Cells were fixed and stained as described above. The primary antibody used was rabbit anti-RAD51 (H-92 Santa Cruz Biotechnology #sc-8349). The secondary antibody used was Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin G (IgG) (Life Technologies). Cells were costained with DAPI to visualize the nuclei. Slides were imaged on a Zeiss-CARV II confocal microscope. Images were visualized and quantified using ImageJ. Experiments were performed at least three times for biological replicates. Statistical significance was determined using the unpaired t-test (GraphPad Prism).
Immunofluorescence--pRPA foci formation after IR
Human primary skin fibroblasts cells were pretreated with purified 2XMBP-scFv for 24 h in chamber well slides (Millipore Millicell EZ Slides), or transfected with 2XMBP-scFv expression constructs. Cells were then irradiated with 10 Gy IR on an X-RAD 320 X-ray irradiation system. The cytoplasm was removed according to the Fabrizio d'Adda di Fagagna group protocol. Briefly, cells were incubated with cytoskeleton buffer (10 mM Pipes pH 6.8, 100 mM NaCl, 30 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.5% Triton-X 100) for 5 min on ice. Cells were then incubated with cytoskeleton stripping buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 1% Tween 40, 0.5% sodium deoxycholate) for 5 min on ice. The cells were then washed three times with cold PBS. The cells were then fixed, stained and imaged as described above. The primary antibody used was mouse anti-Phospho RPA (S4/S8) (Bethyl Laboratories, Inc. #A300-245A). The secondary antibody used was Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin G (IgG) (Life Technologies). Cells were costained with DAPI to visualize the nuclei. Experiments were performed at least three times for biological replicates. Statistical significance was determined using the unpaired t-test (GraphPad Prism).
Immunofluorescence--RAD51 foci formation and cytoplasmic fraction after etoposide
Human primary skin fibroblast cells were pretreated with purified 2XMBP-scFv for 24 h in chamber well slides (Millipore Millicell EZ Slides). The media was exchanged and cells were then treated with 5 M etoposide (SigmaAldrich E1383) in DMSO. Cells were fixed, stained, and imaged as described above. The primary antibody used was rabbit anti-RAD51 (H-92 Santa Cruz Biotechnology #sc-8349). The secondary antibody used was Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin G (IgG) (Life Technologies). Cells were costained with DAPI to visualize the nuclei and anti-MBP to visualize the 2XMBP-scFv. Experiments were performed at least three times for biological replicates. Statistical significance was determined using the unpaired t-test (GraphPad Prism).
Nucleic Acids Research, 2017, Vol. 45, No. 20 11787 Clonogenic survival assays in PEO-1 and U251 cells PEO-1 and U251 cells were transfected with 1g 2XMBP-scFv expression constructs. Two days later, transfected cells were reseeded in triplicate into 6-well plates at low density into Etoposide. Non-transfected cells were also reseeded as a control. Media was replaced 24 hours later. Cells were cultured for 1 to 2 weeks until colonies had formed. Colonies on the 6-well plates were permeabilized with 0.9% saline solution and then stained with crystal violet in 80% methanol for visualization. Colonies of ≥50 cells were quantified. U251s were also left untreated or were pre-treated with purified 2XMBP-scFv proteins for 24 h. Cells were reseeded as above into Etoposide. The experiment was continued as above.
Structural modeling
A predicted structure of 3E10 scFv was generated using SWISS-MODEL. An electrostatic map was generated in the PyMOL Molecular Graphics System (Version 1.8 Schrödinger, LLC.). The scFv-RAD51 interaction model was generated using the Vakser Lab Protein-Protein Docking Web Server from the Center for Computational Biology at the The University of Kansas. (38, 39) .
RESULTS
3E10 scFv proteins exhibit different biochemical properties
Previous work demonstrated that both the full-length 3E10 antibody and the single chain variable fragment (scFv) could penetrate cells and mediate effects on DNA repair (26) . In order to minimize the risk of non-specific antibodydependent cell-mediated cytotoxicity (ADCC) via the Fc region of 3E10, we have elected to focus on the scFv rather than the full length antibody as a basis for clinical development. This scFv contains the variable region of the heavy chain connected to the variable region of the light chain by a flexible linker, as schematized in Figure 1A .
To further probe the properties of 3E10 and to conduct mutational analyses, we cloned the 3E10 scFv cDNA into a mammalian expression vector (phCMV1) containing two tandem repeats of the maltose binding protein tag (2XMBP) at the N-terminus of scFv. The MBP tags serve to facilitate affinity purification as well as to enhance solubility and stability of the recombinant proteins (27) . Previous results showed that changing the aspartic acid at residue 31 in CDRl of the 3E10 heavy chain to asparagine (D31N) increased 3E10 scFv's binding to both ssDNA and dsDNA (28) . In the presence of this D31N mutation, an additional mutation of the arginine residue at position 92 in CDR3 of the light chain to asparagine (R92N) was found to disrupt binding to DNA (24) . We introduced either the heavy chain mutation (D31N) or the light chain mutation (R92N) into separate constructs or the combination of both mutations (D31N/R92N) into a single construct in our 2XMBP-scFv expression vector. A premature stop codon (41 amino acids into the scFv) was also introduced to form a truncated protein as a control. The R92N mutation alone has not been previously investigated. A schematic of the expression constructs for each of the five scFvs studied is also provided in Figure 1A .
The scFv constructs were expressed and affinity purified from human 293 cells. First, we determined the DNA binding ability of all five purified scFv proteins. An electrophoretic mobility shift assay (EMSA) was performed using increasing concentrations of each scFv ( Figure 1B) . Both the WT (lanes 5-7) and D31N (lanes 12-14) scFv proteins were able to bind DNA, whereas the truncated scFv protein (lanes 2-4, 9-11, 16-18 and 23-25) , the R92N protein (lanes 19-21) , and the D31N/R92N protein (lanes 26-28) were unable to bind DNA. The D31N protein demonstrated higher DNA binding affinity than WT, consistent with previous work based on ELISA analysis (24, 28) .
Previously, Zack et al. correlated the ability of 3E10 to bind DNA with its cell-penetrating activity (28) . To validate this finding and to compare intracellular localization of our scFv proteins, we treated human U2OS cells with each purified scFv protein by simple addition to the culture medium, followed by immunofluorescence microscopy using an antibody specific to the MBP tag. Both the WT and D31N scFv purified proteins were able to penetrate cells and localize primarily to the cytoplasm ( Figure 1C) . However, the truncated, R92N, and D31N/R92N purified proteins were unable to penetrate cells ( Figure 1C) . A summary of the DNA binding and cell penetration properties for each purified scFv is provided in Figure 1D .
3E10 inhibits HDR independently of DNA binding
To assess the effect that each scFv variant has on HDR, a reporter gene assay was performed. Because three of the five scFvs are unable to penetrate cells as purified proteins added to cell culture medium, we expressed the recombinant scFv proteins intracellularly through transient transfection with the respective plasmid constructs. Figure 2A documents that all five scFv proteins are expressed upon transient transfection of the expression vectors into primary human skin fibroblasts, and further demonstrates primarily cytoplasmic localization. We then interrogated repair of an I-SceI nuclease-induced DSB within a luciferase reporter gene (29) in the presence of each expressed scFv. A schematic of the luciferase reporter construct used to assay HDR is provided in Figure 2B . Following generation of a DSB by I-SceI, restoration of functional luciferase requires HDR using the downstream luciferase gene fragment as a template. Cells were transfected with the scFv expression constructs and 24 h later with the I-SceI-digested luciferase reporter, as schematized in Figure 2C . Luciferase expression as a measure of HDR was determined 48 h later and normalized to transfection controls (Figure 2d and Supplemental Figure S1 ). As expected, the truncated scFv had no effect on DSB repair of the reporter construct by HDR. Surprisingly, all four of the non-truncated scFvs inhibited HDR to similar levels (∼40-50%). As the R92N scFvs cannot bind DNA, these results indicate that 3E10 inhibits HDR independently of its ability to bind DNA. Next, we tested the effect of each purified scFv variant on HDR in a protocol where cells were treated with the purified proteins by addition to the cell culture medium (as opposed to the experiment above in which the proteins were expressed intracellularly from transfected plasmids), followed by transfection with the I-SceI-digested luciferase reporter (Figure 
2E
). In this case, only the WT and D31N scFv were capable of inhibiting HDR; both reduced repair by >70% ( Figure  2F ). While the D31N/R92N and R92N scFvs inhibit HDR when expressed inside cells from a plasmid vector, the purified proteins fail to penetrate cells, and consequently, do not impact repair of the damaged plasmid ( Figure 2F ).
To determine whether inhibition of DNA repair by 3E10 is specific to HDR, we tested the effect of scFv proteins (as well as the original full length 3E10 antibody) on NHEJ using a reporter assay similar to the one for HDR above (Supplemental Figure S2 ). Neither full-length 3E10 nor any of the scFvs affected NHEJ.
The finding that both of the R92N-containing scFv proteins fail to bind DNA and yet still inhibit HDR upon intracellular expression suggested that 3E10 acts through another cellular target other than DNA to impact HDR. To probe for this, we performed affinity pull-downs from lysates of HeLa cells expressing either the WT full length 3E10, the D31N full length 3E10 or empty vectors using protein A/G beads (to which the untagged full length 3E10 binds), followed by western blots for a panel of DNA repair factors (Supplemental Figure S3) . Out of the 17 factors screened, the results identified RAD51 and RAD52 as putative targets. However, while protein pull-downs with purified RAD51 confirmed an interaction between RAD51 and 3E10 (see below) they failed to show any interaction between RAD52 and 3E10 (Supplemental Figure S3D) . To confirm these results, we expressed the D31N scFv as a 2XMBP fusion protein in human 293T cells. Following binding to amylose beads, we washed the bound 2XMBP-scFv protein extensively, and then incubated the beadprotein complex with purified RAD51. As shown in Figure 3A (lane 5) , RAD51 bound to the 3E10 D31N scFv but not to the 2XMBP tag alone ( Figure 3A, lane 3) or to the amylose beads ( Figure 3A, lane 2) . The BRC1-8 region of BRCA2 was tested in parallel as a positive control for RAD51 binding and showed the expected physical interaction ( Figure 3A, lane 7) .
As a next step, we performed affinity pull-downs from human 293T cells either untransfected or transfected with each of the five 2XMBP-scFv expression constructs (Figure 3B) . This was performed to interrogate the intracellular interaction between 3E10 and RAD51 and to confirm that all four of the non-truncated 2XMBP-scFvs pulled down endogenous RAD51 from the 293T lysate. Western blots for RAD51 indicate that all four of the non-truncated variants of the 2XMBP-scFv pulled down endogenous RAD51 ( Figure 3C ). We noted that the expressed WT 2XMBP-scFv had the strongest interaction with RAD51, and that the presence of the D31N mutation slightly diminished the interaction with cellular RAD51. The levels of RAD51 bound (combined levels from four experiments; normalized to MBP levels and then normalized to WT 2XMBP-scFv) were plotted to depict this trend ( Figure 3D ).
Because the D31N mutation appeared to alter the interaction of the 3E10 scFv with cellular RAD51, we further evaluated the relative binding affinities of purified WT and D31N scFv proteins for purified RAD51 in vitro (29) . Purified WT and D31N scFv proteins at a fixed concentration (400 ng in a final volume of 50 l; 72.7 nM) were incubated with increasing amounts of purified RAD51 (100, 200, 800, 1600 ng; 54, 108, 432 and 864 nM, respectively), and the interacting complex was pulled down via the 2XMBP affinity tag on the scFvs using amylose resin. The bound complex was then washed and the protein was eluted from the amylose beads and run on a gel to evaluate the amount of RAD51 bound. The amount of RAD51 pulled down with 2XMBP-scFv proteins was determined using standard curves generated from known concentrations of RAD51 and 2XMBP-scFv proteins run in parallel (Supplemental Figures S4B and S4C) , and the amount bound to the 2XMBP-scFv proteins was plotted against the amount of RAD51 titrated into the reaction to estimate the K d values ( Figure 3E and Supplemental Figure S4D ). Consistent with the affinity pull-downs from human 293T cells, the WT 2XMBP-scFv had a stronger interaction (K d = 388 nM) with RAD51 compared to the scFv with the D31N mutation (K d = 612 nM).
3E10 physically interacts with the N-terminal domain of RAD51
To identify the domain of RAD51 to which the scFvs bind, we purified four fragments of RAD51 expressed in Escherichia coli cells using a GST tag (30) . Fragment 1 (T1) is the N-terminal domain of RAD51, containing residues 86 and 89, which are essential for RAD51 homooligomerization and filament formation (31) . Fragment T2 contains the Walker motifs essential for ATP-binding and nucleotide-binding (32) . Fragment T3 contains the BRCA2-binding domain (30) and fragment T4 is the C-terminus of RAD51. These fragments are schematized in Figure 3f . Affinity pull-downs were then performed with full length RAD51 as a control, and each of the four purified fragments of RAD51, representing separate domains of the protein. The scFvs were immobilized on amylose resin, incubated with purified RAD51 (either full length or fragment), washed, and then eluted. The supernatant (S), wash (W) and bead elution (B) samples were interrogated for the presence of RAD51 by western blotting ( Figure 3G) . The results show that full length RAD51 was pulled down by all four non-truncated scFv proteins ( Figure 3G, lanes 9, 12, 15 and  18 ). As controls, when RAD51 was incubated with amylose beads alone or with the truncated 2XMBP-scFv, RAD51 was found only in the supernatant ( Figure 3G, lanes 1 and  4) , indicating lack of an interaction with the beads alone or the truncated scFv protein. Taken together, these results indicate that 3E10 specifically interacts with RAD51. As shown in Figure 3G , the T1 fragment of RAD51 was also present in the eluate (B) for the four non-truncated purified scFvs, indicating a physical interaction with the respective scFv occurred ( Figure 3G, lanes 27, 30, 33 and 36 ). When T1 of RAD51 was incubated with amylose beads alone or the truncated 2xMBP-scFv, T1 was located only in the supernatant (S), indicating there was no physical interaction ( Figure 3G, lanes 19 and 22) . There was no physical interaction between any of the other fragments of RAD51 and any of the scFvs ( Figure 3G, lanes 37-90) , revealing that the 3E10 scFv specifically interacts with the N-terminal T1 domain of RAD51.
3E10 inhibits RAD51 accumulation on DNA
Because the N-terminal domain of RAD51 contains residues that are essential for RAD51 homooligomerization and filament formation (31), we hypothesized that an interaction between the 3E10 scFv and the N-terminal domain of RAD51 would inhibit RAD51 binding to DNA. RAD51 and the 3E10 scFvs were pre-incubated, followed by addition of the biotinylated ss-DNA, as schematized in Figure 4A . We found that all four non-truncated scFvs showed direct inhibition of RAD51 accumulation on ssDNA ( Figure 4B and C) . Although the DNA binding competition between RAD51 and either the WT or the D31N scFv may partially contribute the activity of these two variants, the observation that all four non-truncated scFvs significantly reduced RAD51's ability to bind to the ssDNA suggest that 3E10 directly affects RAD51 loading on ssDNA through a physical interaction with RAD51, and not primarily through DNA binding that could in theory compete with occupancy of RAD51 on ssDNA tails (since the R92N variants do not bind DNA).
3E10 inhibits RAD51-mediated strand exchange
3E10 was previously shown to inhibit RAD51 mediated strand exchange (26) , but this was attributed to its DNA binding affinity. Based on the new evidence presented above showing that 3E10 physically interacts with RAD51, and that the 3E10 R92N scFvs that cannot bind DNA still inNucleic Acids Research, 2017, Vol. 45, No. 20 11791 Figure 3 . 3E10 physically interacts with the N-terminal domain of human RAD51. (A) Human 293T cells were transfected with expression constructs for the indicated 2XMBP fusion proteins, and cell lysates were batch bound to amylose beads, washed, and incubated in the presence or absence of purified RAD51. The bead complexes were then washed, eluted with maltose, and analyzed by SDS-PAGE. The gel was stained with SyproOrange to visualize proteins. Lane 1 is 1 g of purified RAD51 as a marker. Lane 2 is purified RAD51 incubated with amylose beads alone. Lane 3 is 2XMBP tag alone bound to amylose beads and incubated with RAD51. (B) Protocol for an affinity pull-down performed using lysates of 293T cells left untransfected or transfected with the 2XMBP-scFv expression constructs. Western blot results from the affinity pull-down are shown in (C). (D) Quantification of the endogenous RAD51 bound to expressed 2XMBP-scFvs (combined levels from four experiments; normalized to MBP levels and then normalized to WT 2XMBP-scFv). (E) Affinity binding assay results depicting the amount of RAD51 pulled down with each 2XMBP-scFv plotted against the total amount of RAD51 entered into each pull-down reaction (2.7, 5.41, 21.62 and 43.24 pmol in a total volume of 50 l). The binding curves were fit to a hyperbolic interpolation and the Kd values (nM) for the purified WT or D31N scFvs and purified RAD51 were calculated. (F). Diagram of the four purified fragments of human RAD51. (G) Protein pull downs were performed with purified scFv proteins and full-length purified human RAD51 and, the four purified fragments of human RAD51. The supernatant (S), wash (W) and bead elution (B) samples were interrogated for the presence of RAD51 by western blotting blot. Error bars represent the SEM; **P < 0.01, and *P < 0.05 by unpaired t-test. Error bars represent the SEM; ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05 by unpaired t-test.
teract with RAD51, we next tested the ability of each of the 3E10 scFvs to inhibit RAD51 mediated strand exchange.
RAD51 and the scFv proteins were pre-incubated before addition of the DNA molecules, as schematized in Figure 4d . Because all four non-truncated scFvs substantially inhibited nucleation of RAD51 on ssDNA in the filament formation assay ( Figure 4B and C) , we hypothesized that pre-incubation of the non-truncated scFv proteins with RAD51 would also inhibit strand exchange in this experimental setup. Representative assay results are shown in Figure 4e and the quantification of RAD51 mediated strand exchange for each condition is shown in Figure 4F . All four non-truncated scFv proteins greatly reduced RAD51-mediated strand exchange, supporting the finding that the 3E10 scFv reduces RAD51 loading on ssDNA through a physical interaction with RAD51, which functionally reduces RAD51's ability to facilitate homology dependent strand exchange.
3E10 inhibits RAD51 nuclear localization and foci formation
We next tested the impact of the 3E10 scFvs on the formation of nuclear RAD51 foci cells exposed to DNA damaging agents as a measure of RAD51's participation in DNA repair. Primary skin fibroblasts were left untreated or treated with purified scFv proteins, then irradiated with 10 Gy IR, and subsequently fixed for immunofluorescence microscopy using an anti-RAD51 antibody ( Figure 5A ). Cells with 10 or more RAD51 foci were scored for each condition ( Figure  5B ). WT and D31N scFvs both strongly reduced RAD51 foci formation. The WT version had a slightly larger effect. The other scFvs, which cannot penetrate cells, had no effect. Representative images of treated primary skin fibroblasts Error bars represent the SEM; ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05 by unpaired t-test.
are shown in Figure 5C and Supplemental Figure S5 . Interestingly, in these images we noted that the WT and D31N scFvs not only inhibited RAD51 foci formation in the nucleus, but also caused substantial retention of RAD51 in the cytoplasm. The extent of cytoplasmic retention was quantified using image analysis software ( Figure 5D ).
Under normal conditions, RAD51 can be observed in both the cytoplasm and nucleus of cells. It is thought that under cellular stress and DNA damage, RAD51 is transported to the nucleus and loaded onto DNA by BRCA2 (29) . RAD51C, RAD52 and BRCA2 have all been suggested to play a role in the translocation of RAD51 from the cytoplasm to the nucleus although the exact mechanism is yet to be determined (29, 33, 34) . Therefore, we hypothesize that, since the 2XMBP-scFvs are primarily localized in the cytoplasm, the interaction between RAD51 and the 3E10 scFvs likely occurs in the cytoplasm. This may interfere with RAD51's interaction with other cellular proteins which may in turn affect RAD51 transport to the nucleus upon DNA damage.
After a DNA DSB is resected to create a ssDNA overhang, the ssDNA tail is coated with Replication Protein A (RPA) to prevent additional nuclease digestion (8) . This RPA filament is displaced by RAD51. To test the hypothesis that 3E10 scFv's inhibition of RAD51 foci formation would lead to an accumulation or at least persistence of RPA at sites of DNA DSBs, transfected cells were fixed and stained for phospho-RPA (the activated form) after exposure to 10 Gy IR. We found that treatment of cells with either the WT or D31N scFv proteins led to a slight but statistically significant increase in pRPA foci as compared to irradiation alone (Figure 5e and Supplemental Figure S6 ). The other three scFv proteins, which do not penetrate cells in purified form, did not affect RPA foci.
To test the impact of the scFvs that cannot penetrate cells, primary fibroblasts were also transfected with the 2XMBP-scFv expression constructs and then irradiated with 10 Gy IR and fixed for immunofluorescence at two different time points (Figure 5f and Supplemental Figure S7A) . Again, cells with 10 or more RAD51 foci were scored for each condition ( Figure 5G and Supplemental Figure S7B ). As expected, the truncated scFv had no effect on RAD51 localization or foci formation. However, at both time points, all four of the other transfected scFvs significantly impaired RAD51 nuclear localization and foci formation after exposure to IR. Representative images of transfected primary skin fibroblasts are shown in Figure 5G and Supplemental Figure S8 . As above, the cytoplasmic retention of RAD51 was also quantified using image analysis software ( Figure  5H and Supplemental Figure S7C ), and cells with 10 or more RPA foci were scored at two time-points post transfection ( Figure 5I and Supplemental Figure S7D and Supplemental Figure S9 ). Again, transfection with the truncated scFv had no effect RAD51 localization or on RPA foci formation. However, at both time points, all four of the other transfected scFvs led to increased cytoplasmic retention of RAD51 and to a significant increase in RPA foci after exposure to IR. For comparison, we also found that treatment of cells with the full-length 3E10 similarly impaired RAD51 foci formation after exposure to IR (Supplemental Figure  S10) . Next, we probed the impact of the 3E10 scFvs on RAD51 nuclear localization and foci formation in response to a topoisomerase inhibitor, etoposide, another well-established inducer of RAD51 foci (Figure 6a ). In this experiment, cells were treated with the purified 3E10 scFv proteins, and then exposed to etoposide for 24 h. Cells were fixed and stained, and the number of cells with 10 or more RAD51 foci and the proportion of cytoplasmic RAD51 were scored for each condition ( Figure 6B and D, respectively, with representative images in Figure 6C and Supplemental Figure S11 ). Treatment with the WT and D31N scFv proteins both led to a decrease in RAD51 nuclear localization and foci formation. The other purified scFvs had no effect, again in keeping with lack of cell penetration.
The strength of the 3E10-RAD51 interaction affects the extent of chemosensitization in BRCA2-deficient and PTENdeficient cells
Because of the differential affinity of the various 2xMBP-scFvs to RAD51 and DNA, we evaluated the effect of the scFvs on cell survival in the context if DNA damage. BRCA2 and PTEN are both known to play roles in DSB repair, and cells deficient in either of these proteins have been reported to have elevated levels of unrepaired DNA damage (4, 5, 29, 35, 36) . Previous publications have reported that 3E10 is synthetically lethal with BRCA2-deficiency as well as PTEN-deficiency (26, 37) . Based on this, we elected to assess chemosensitization to Etoposide in BRCA2-deficient PEO-1 cells and PTEN-deficient U251 cells. To evaluate whether DNA binding mutations of the 2XMBP-scFvs alter the sensitivity of these cells to Etoposide independent of cell penetration ability, PEO-1 and U251 cells were transfected with the 2XMBP-scFv expression constructs and then reseeded into Etoposide for clonogenic survival assays. Western blot results confirming the expression of the 2XMBP-scFvs are shown in Supplemental Figure S12a and c. In both the transfected PEO-1 and U251 cells, expression of the WT and R92N 2XMBP-scFvs yielded enhanced cytotoxicity to Etoposide compared to the D31N 2XMBP-scFv (Supplemental Figure S12B and D) . These data provide evidence that the 3E10-RAD51 interaction is more important for chemosensitization in cells then the 3E10-DNA interaction.
Next, we assessed the differential effect of treatment of cells with the purified WT and D31N scFvs (as opposed to transfection with the expression constructs). U251 cells were pretreated with the 2XMBP-scFv purified proteins and then reseeded into Etoposide for clonogenic survival assays. Here, both the WT and D31N scFvs sensitized the U251 cells to Etoposide to comparable levels, showing that the increased DNA binding and thereby cellular uptake conferred by D31N compensates for its reduced RAD51 interaction in terms of overall cellular activity for sensitization to Etoposide (Supplemental Figure S12E) .
Structural modeling suggests a DNA binding pocket and RAD51 docking site
A predicted structure of WT 3E10 scFv was generated using SWISS MODEL ( Figure 7A) (38,39 ). An electrostatic Error bars represent the SEM; ***P < 0.001, **P < 0.01 and *P < 0.05 by unpaired t-test. map was then generated using PyMOL to assess structural regions which might confer a DNA binding pocket ( Figure 7A ) (PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.). This electrostatic map indicates that the D31N mutation results in an enhanced positively charged region in the predicted DNA binding pocket (yellow arrows), while the R92N mutation eliminates a positively charged region in the predicted DNA binding pocket (white arrows). This analysis supports the finding that the D31N scFv has enhanced DNA binding over the WT scFv and may explain why this DNA binding ability is lost when the R92N point mutation is introduced. In order to further validate the predicted overall structure and DNA binding pocket, additional point mutations that have been previously published as having an effect on 3E10 scFv's DNA binding ability (24, 28) were mapped on the generated predicted structure of the 3E10 scFv ( Figure 7B ). We found that these other point mutations that were shown to disrupt DNA binding also altered the electrostatic profile of the predicted DNA binding pocket in manner expected to reduce affinity for DNA.
Next, we modeled the putative WT 3E10 scFv-RAD51 interaction using the Vakser Lab Protein-Protein Docking Web Server from the Center for Computational Biology at the The University of Kansas (40, 41) . Further analysis and simulation was performed using PyMOL. A preliminary interaction model between the N-terminal domain of RAD51 and WT 3E10 scFv is provided in Figure 7C (PDB 1B22 (42) ). Additional models were generated using the human RAD51-BRCA2 BRC repeat complex (PDB 1N0W (31) shown in Figure 7D ) as well as the Saccharomyces cerevisiae RAD51 structure (PDB 3LDA (43) shown in Figure 7E ). The model shown in Figure 7E places the D31 residue in the heavy chain at the interface of the 3E10 scFv-RAD51 interaction. This would be consistent with our observation that the D31N mutation partially reduces the extent of the 3E10/RAD51 interaction ( Figure 3D and E).
DISCUSSION
The results presented here demonstrate that 3E10 inhibits HDR in a manner that is independent of its ability to bind DNA and instead depends on its direct interaction with RAD51. Through a cell-based assay for HDR, we found that variants of the scFv of 3E10 (R92N and D31N/R92N ) that cannot bind DNA were still able to inhibit HDR at a DNA double-strand break. This raised the possibility that 3E10 inhibits HDR independently of its DNA binding ability. In a candidate survey for interactions of 3E10 with DNA repair proteins by pull downs from cell lysates, we found initial evidence that that 3E10 physically interacts with endogenous RAD51. Further analysis with pu- rified RAD51 fragments revealed that 3E10 specifically binds to the N-terminal domain of RAD51. This domain contains residues previously reported to be essential for RAD51 homo-oligomerization that promotes its nucleation on single-stranded DNA tails (31) . The resulting formation of a RAD51 nucleofilament is a critical step in the resolution of a DNA DSB through HDR. In assays with purified RAD51 and 3E10 scFvs, we found that, regardless of DNA binding ability, each of the 3E10 scFvs inhibit the accumulation of RAD51 on ssDNA. Consistent with these results, we found the scFvs hinder RAD51-mediated strand exchange, again independently of their ability to bind DNA. In cells treated with either IR or etoposide, DNA damaging agents known to provoke RAD51 mediated repair, treatment of cells with the WT and D31N 3E10 scFvs yielded substantial reduction in RAD51 foci formation and a notable increase in cytoplasmic localization of RAD51. Although the R92N scFvs had no effect when used to treat cells, when they were expressed intracellularly from expression constructs, they similarly impaired foci formation and increased cytoplasmic retention.
In regard to cancer therapy, it has been proposed that oncogene-induced replication stress, coupled with abnormalities in DNA damage checkpoints, renders cancers vulnerable to strategies that target DNA repair (44) . In addition, many malignancies show over expression of RAD51 (16) (17) (18) and develop 'addiction' to high RAD51 levels, further pointing to RAD51 as a promising therapeutic target (15) . Plus, numerous malignancies have relative deficiencies in HDR due to mutations in or reduced expression of BRCA1, BRCA2 and other HDR pathway factors (45, 46) , potentially rendering them susceptible to further inhibition of HDR capacity. Tumor hypoxia also impacts DNA repair capacity (47) , and recent clinical trials have suggested that induced hypoxia (via treatment with cediranib, an angiogenesis inhibitor), can sensitize tumors to DNA repair inhibition (48, 49) . In light of this, our results showing that 3E10 directly inhibits RAD51 activity may provide a mechanistic basis to anticipate a therapeutic gain in the use of 3E10 in cancer therapy. Interestingly, while 3E10 is capable of penetrating most cells, tissues with high cell turnover and excessive extracellular DNA, such as tumors, show increased uptake of 3E10 (50) . This property may further contribute to an increased therapeutic window, further highlighting the clinical potential of this unusual cell-penetrating antibody. Recent work by Noble et al suggests that engineering recombinant 3E10 molecules to comprise multiply valent scFvs can substantially boost activity (37) . In this regard, the work presented here not only identifies 3E10 as a novel RAD51 inhibitor but also may help to guide further modifications to the 3E10 scFv to tune its DNA and RAD51 binding properties as a means to further increase efficacy for cancer therapy.
DATA AVAILABILITY
The following software programs were used: Known structures for RAD51 that were used to create a preliminary interaction model between the N-terminal domain of RAD51 and WT 3E10 scFv. These RAD51 structures have been deposited with the Protein Data bank by other groups under the accession numbers PDB 1B22, PDB 1N0W, and PDB 3LDA.
